The present work introduces the use of E-shaped enclosure for heat transfer applications. Natural convection of different nanofluids in E-shaped enclosure inclined at different angles is analyzed for a range of Rayleigh numbers. Taking water as base fluid, enhancement in heat transfer by addition of Cu, Al2O3 and TiO2 nanoparticles is compared. The governing equations are discretized using finite volume method using a uniform collocated grid. SIMPLE algorithm with modified Rhie-Chow interpolation is used for pressure velocity coupling. The impact of addition of nanoparticles is analyzed by evaluating the average Nusselt number which is observed to increase considerably by addition of nanoparticles to the base fluid. The maximum enhancement is observed in the case wherein Cu nanoparticles are used. A significant variation of flow patterns is observed for different values of the inclination angle at different Rayleigh numbers and the effect of this on heat transfer characteristics is evaluated.
Introduction
Fluid natural convection is a heat transfer mechanism due to density difference caused by temperature gradients and driven by the buoyancy effect. This natural convection phenomenon finds its use in variety of applications like solar collectors, cooling of electronic equipment, air conditioned systems and many more which could be found in Ostrach (1988) , Bejan (1995) and Catton (1978) . Due to its simple and inexpensive operation, this phenomenon has observed considerable interest in engineering applications. Due to its wide use in vast expanse of applications, understanding of the heat transfer and flow behavior within irregular shaped enclosures is also essential. Several studies have been conducted considering different shapes of enclosures such as arc-shaped enclosure by Chen and Cheng (2002) , wavy enclosure by Mahmud et. al. (2002) , eccentric elliptical enclosure by Cheng and Chao (1996) , L-shaped enclosures (Mahmud (2002) ; Tasmin and Mahmud (2006) ) and many more.
The performance of a conventional fluid can be enhanced by suspending nano-sized particles in it, which is termed as nanofluid. Various studies have been performed to analyze the buoyancy driven flow of nanofluids in enclosures of different shapes. Khanafer et al. (2003) investigated free convection heat transfer inside a rectangular enclosure and observed an increase in rate of heat transfer with increasing concentration of nanoparticles for various values of Grashof numbers. Hwang et al. (2007) studied natural convection of water-based Al2O3 nanofluids in a rectangular cavity. Oztop and Abu-Nada (2008); studied the natural convection characteristics for square shaped cavities and then analyzed the effect of inclination angle and the effect of variable fluid properties of nanofluids in square shaped enclosure. Aminossadati and Ghasemi (2009); ; (2011) analyzed natural convection cooling of a localized heat source at the bottom of a nanofluid-filled enclosure and also studied the behavior of nanofluids in triangular enclosures. ; (2016) has analytically compared single and multi-phase models for the condensation of nanofluid film flow and heat transfer, and has also analyzed transient free convection of nanofluids flowing over a vertical infinite isothermal plate subject to a vertical uniform magnetic field considering the effects of thermal radiation and the presence of heat source. Buoyancy driven heat transfer of nanofluids in C-shaped enclosures was analyzed by Mahmoodi (2012) . Several other studies have been performed and are listed by Zoubida (2012) .
The development of electronics industry has led to increased demands of highly efficient heat removal systems where large amount of heat is required to be removed from a small area. Thus, structures that provide ample flat surfaces for mounting of electronic equipment and also ensure higher rates of heat transfer are required. The aim of present work is thus to introduce one such cross-section in form of 'E-shaped' enclosure and to analyze the effect of inclination angle on heat transfer characteristics and further to evaluate the effect of addition of different types of nanoparticles to the fluid in the enclosure. Water is selected as the base fluid for the analysis and owing to higher thermal conductivity and more stability nanoparticles considered for comparison are of Cu, Al2O3 and TiO2. To keep the flow conditions within laminar range Rayleigh numbers up to 10 7 are considered. 
Problem Formulation
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The schematic of the E-shaped enclosure is shown in Fig. 1 . The isothermal hot walls are indicated by Th and cold walls are indicated by Tc, whereas the darkened walls are adiabatic. The outer and inner dimensions are H and L respectively as shown in figure and the L/H ratio has been taken as 0.2.
The behavior of fluid is considered to be Newtonian and is assumed that the nanoparticles are distributed uniformly and that there is no slip between the nanoparticles and the fluid. The flow is assumed to be laminar and incompressible in nature and the variation of density has been considered to be as per the Boussinesq's approximation. The governing equations for the described problem are as follows.
The velocity is zero at every wall because of the no slip condition and the values of hot and cold temperatures are specified at the walls.
The property values for density, specific heat and coefficient of thermal expansion for nanofluids have been derived using the correlations used by Nasrin et. al. (2012) .
The effective dynamic viscosity has been found using Brinkman (1952) model.
To find the effective thermal conductivity correlation suggested by Maxwell (1904) is used
The thermal diffusivity, Prandtl Number and Rayleigh number have been defined as follows
The material properties used are borrowed from Saleh et. al. (2011) and and are shown in Table 1 . A non-dimensional approach has been adopted and the non-dimensional parameters have been defined as follows
Thus, the governing equations in non-dimensional form are
With zero non-dimensional velocities at all walls, zero heat flux at adiabatic walls and nondimensional temperatures of 1 and 0 at hot and cold walls respectively.
The local Nusselt number on hot walls is defined as
The thermal conductivity is expressed as 
By substitution of equations (19) and (20) in equation (18) 
Thus. upon integrating the local Nusselt number over hot walls, the average Nusselt number has been obtained as follows
In the analysis water has been considered as the base fluid and the results have been analyzed for water, water+5% Cu, water+5% Al2O3 and water+5% TiO2 nanofluids. The Rayleigh numbers considered are within the range 10 4 < Ra < 10 7 (10 4 , 10 5 , 10 6 and 10 7 ) beyond which the flow becomes turbulent and considering the nature of geometry the inclination angles considered are in the range 0 o < γ < 90 0 (0, 30, 60 and 90 degrees).
Numerical Procedure
The grid developed was uniform and variables and properties were collocated. The equations are discretized using finite volume method. For the pressure-velocity coupling SIMPLE algorithm was adopted with Rhie-Chow interpolation modified by Majumdar (1988) , for convective terms third order accurate QUICK scheme is used. The condition for convergence is set as The grid independence test was performed for Ra=10 7 at zero inclination taking water as fluid. Different grid sizes considered are 51x51, 101x101, 201x201, 401x401 and the corresponding Nusselt numbers were evaluated the values for which are shown in Table 2 . The 201x201 grid has been selected for further analysis as it was found to be sufficiently fine. Table 3 and a close conformance of the results is observed. 
Results and Discussions
The effect of inclination angle on flow of different nanofluids inside an E-shaped enclosure has been evaluated for different Rayleigh numbers. The inclination angles considered are 0 o , 30 o , 60 o and 90 o and the Rayleigh numbers considered are 10 4 , 10 5 , 10 6 and 10 7 and the nanoparticles considered are of Cu, Al2O3 and TiO2.
The streamlines and isotherms for water and water + 5% Cu nanofluid are plotted in figures 2 to 9. The variation of the average Nusselt number of different nanofluids with various inclination angles for different Rayleigh numbers is plotted in Fig. 10 , wherein it could be seen that for all the different cases the value of Nu is higher for water + 5% Cu nanofluid and because of this reason the comparison of streamlines and isotherms was done between water and water + 5% Cu nanofluid. Water + 5% Cu The effect of Rayleigh number for the case of zero inclination is seen in Fig. 2 and Fig. 3 . For Rayleigh number up to 10 5 the heat transfer is mainly dominated by conduction which could be observed through the parallel isotherms. However, when Rayleigh number is increased further i.e. for the values of 10 6 and 10 7 convective flow patterns emerge and in the lower horizontal region formation of Benard cells is observed. This marks the value of range when the local Rayleigh number in the lower section of the enclosure exceeds the critical Rayleigh number. However, in Fig.  4 and Fig. 5 which show streamlines and isotherms for 30 o inclination of the enclosure no explicit Dhairya R. Vyas / American Journal of Heat and Mass transfer (2017) Vol. 4 No. 1 pp. 25-39 36 formation of Benard even at higher Rayleigh numbers. In this case, again for Rayleigh numbers up to 10 5 the heat transfer is mainly dominated by conduction and for higher Rayleigh numbers convection is observed but no separate cells are formed. The same thing could be observed from Fig. 6 and Fig. 7 for the case of 60 o inclination of the enclosure. Thus in these cases the local Rayleigh number in the lower section of the enclosure does not exceed the critical Rayleigh number.
On observing the effect of Rayleigh number in case of 90 o inclination it is observed that for lower Rayleigh numbers again the heat transfer is conduction dominated but for Rayleigh numbers higher than critical Rayleigh numbers Benard cells start forming. Also for Ra=10 6 , in the central region of the enclosure it is observed that the convective motion is not dominant, however when Rayleigh number is further increased to 10 7 the convective motion in the central region of E gains prominence and considerable increase in heat transfer rates is expected. This drastic increase could be observed form Fig. 10 (d) . The effect of addition of different nano-particles and inclination angle is quantitatively compared for different Rayleigh numbers in Fig. 10 . It is observed that for (a) Ra=10 4 there is no effect of inclination angle as the heat transfer is taking place mainly due to conduction, for (b) Ra=10 5 some increase in Nu is observed with inclination angle due to initiation of convection, however for (c) Ra=10 6 a decrease and then an increase is observed in Nu values, this is because at zero inclination when the onset of Rayleigh-Benard convection has occurred, but for 30 o inclination no such cells are formed and the velocities are also not sufficiently large to remove as much heat as in case if zero inclination, thus Nu drops to a lower value and then with increasing inclination angle it again increases. For (d) Ra=10 7 , with increasing prominence of the convective heat transfer even in the central section of the enclosure Nu is found to increase with increasing inclination angle. In all the above cases, considerable enhancement could be observed by addition of nano-particles, also it is observed that the value of Nusselt number is highest in case where copper nanoparticles are added followed by Al2O3 and TiO2 nano-particles.
Conclusion
The problem of natural convection inside an E-shaped enclosure is studied considering the effect of addition of different nanoparticles and inclination angle for different Rayleigh numbers using finite volume method. It is observed that the effect of inclination angle is dependent on Rayleigh number, for lower Rayleigh numbers when the heat transfer is mainly conduction dominated the inclination angle does not affect the heat transfer rates, however when Rayleigh number is increased to higher values of 10 7 , the heat transfer rates are observed to increase with increasing inclination angle. It was also observed that the value of average Nusselt number and thus heat transfer rates increased with increasing Rayleigh number, which is intuitive. In all the cases, it was further noted that addition of nanoparticles considerably improved the heat transfer capability of the fluid thereby increasing the values of average Nusselt numbers. Upon comparing the effect of different types of nanoparticles selected it could be observed that the maximum enhancement has been observed in case where Cu nanoparticles are used.
